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The Anthrax Edema Factor is an adenylyl cyclase responsible for the overproduction of cyclic
mono-phosphate (cAMP) from ATP causing host cell deregulation. For optimal catalytic activ-
ity, it should efficiently release the reaction products, cAMP and Pyrophosphate. Here we study
the mechanisms cAMP and PPi dissociation using Locally Enhanced Sampling and Steered
Molecular Dynamics simulations. Since there is no clear consensus on the number of metal
ions in the catalytic site, simulations were performed in the presence of one or two cations.
The simulations suggested that the presence of the second metal ion greatly impairs product
dissociation supporting the hypothesis of an optimal one-ion catalytic binding site.
1 Introduction
Anthrax bacteria produce three major toxins: Protective Antigen, Lethal Factor and Edema
Factor (EF). EF enters the cell bound to the Protective Antigen. Once released in the
cytoplasm it binds Calmodulin (CaM).1 Then, a large conformational change1 activates
the adenylyl cyclase function of EF which converts ATP to cyclic-AMP (cAMP) and Py-
rophosphate (PPi). To efficiently catalyse the cyclization of ATP, EF must bind ATP, sta-
bilize the transition state (TS) and rapidly release the reaction products. TS stabilization
depends on the binding of Mg2+ ions to the catalytic site.2, 3 The crystal structures of the
EF-CaM complex bound to reaction products (1SK63), contains Yb3+ in the active site.
Two Yb3+ binding modes are observed: an one-ion binding mode and a two-ion binding
mode, which are illustrated in Figure 1. Therefore, it is not clear whether the reaction
proceeds in the presence of one or two ions. The energetic balance between TS stabiliza-
tion and facilitated product release must be understood to evaluate which is the optimal
active site arrangement. Here, a study combining Locally Enhanced Sampling (LES)4 and
Figure 1. Ionic (Yb3+) binding modes observed in the crystallographic structure of EF bound to reaction prod-
ucts:3 (a) One-ion and (b) two-ion binding modes.
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Steered Molecular Dynamics simulations (SMD)5 was used to investigate the dissociation
mechanisms of PPi and cAMP from the active site of the Anthrax Edema Factor under
different Mg2+ contents. PPi and cAMP dissociated through different solvent-accessible
cavities. The Mg2+ content of the active site greatly affected the forces required to induce
product dissociation, indicating that a one-metal ion binding site would be more favorable
for efficient product dissociation.
2 Molecular Dynamics Simulations of Product Dissociation
LES simulations, performed with CHARMM,6 were used to observe dissociation of the
reaction products without a priori assumptions on the mechanisms.4 In this case, multiple
copies of either PPi or cAMP are placed in the active site. The interaction of each copy
with the protein is inversely proportional to the number of copies, and the copies do not
interact with each other. We have performed 500 ps simulations with 1 to 60 copies of each
of the reaction products. LES simulations were done in vacuum starting from the structure
1SK6,3 for both ion binding modes. The ions Yb3+ were replaced by Mg2+.
Dissociation was observed at a minimal level of 28 PPi copies. A similar number of
PPi dissociation events was observed: 66 for the one-Mg2+ and 67 for the two-Mg2+
binding mode in all simulations. Dissociation of cAMP was observed with smaller number
(four) of copies, and if more than 18 copies are present, all cAMP dissociated in all runs.
The number of cAMP dissociation events observed for the one-Mg2+ binding mode was
slightly larger than for the two-Mg2+ binding mode (77 and 61 respectively, for simulations
up to 18 copies).
As shown in Figure 2, there are two discernible solvent-accessible cavities in each
side of the protein Each product dissociated roughly in the directions indicated by these
cavities, however displaying a significant dispersion of dissociation angles. The details of
the dissociation along these directions were studied by SMD simulations.
In SMD an external force is applied to probe how difficult it is to induce ligand disso-
ciation.5 Simulations were performed with NAMD7 for the fully solvated 1SK6 system,
prepared with Packmol.8 The force profiles for PPi and cAMP dissociations were (Fig-
ure 3) significantly different in in each Mg2+binding mode. The presence of two ions in
the active site greatly impairs product dissociation. The forces inducing product release
increase from about 1500 to 3900 pN for PPi, and from 950 to 2400 pN for cAMP.
Figure 2. Product dissociation observed in LES simulations: (a) PPi solvent accessible cavity and (b) PPi dis-
sociation. (c) cAMP solvent accessible cavity and (d) cAMP dissociation. The solvent accessible cavities are in
opposite sides of the protein.
318
Figure 3. Forces leading to dissociation of PPi (a,b) and cAMP (c,d): five MD runs for each system where
performed with variable pulling directions. The force moduli are plotted in presence of one- (a,c) and two-Mg2+
(b,d).
3 Concluding Remarks
The simulations suggest that the product dissociation is easier in presence of one-ion in
the active site. This is in agreement with the decrease in catalytic activity observed exper-
imentally for large Mg2+ concentrations3 and suggests that the one-Mg2+ binding mode
for EF is optimal for product release.
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